This study determined the influence of 3-(4-methoxyl)-1-(2-(4-coumarin)prop)-2-en-1-one (MCPEO) on the differentiation of Gaoyou duck embryo osteoclasts cultured in vitro. Bone marrow mononuclear cells (BM-MNCs) were harvested from 23-day-old Gaoyou duck embryos and induced by receptor activator of nuclear factor κB ligand (RANKL) and macrophage colony-stimulating factor (M-CSF) in the presence of MCPEO at different concentrations (i.e., 1, 5, 10, 20, and 40 μM). Cell viability measurement, tartrate-resistant acid phosphatase (TRAP) staining, resorption activity assay, and co-staining with Tetramethylrhodamine (TRITC)-conjugated phalloidin and Hoechst 33,258 were conducted. Results indicated that MCPEO influenced the cell viability of the M-CSF + RANKL-induced BM-MNCs in a concentration-dependent manner, reduced the formation of positive multinucleated cells, and restrained the resorption capability of osteoclasts. Microfilament and nuclear staining indicated that MCPEO restricted the differentiation of BM-MNCs into large multinucleated osteoclasts. In short, MCPEO can inhibit the differentiation of BM-MNCs into mature osteoclasts in duck embryos. Therefore, MCPEO is a promising agent for the treatment of poultry osteoporosis.
INTRODUCTION
Osteoclasts are the only polynuclear cells with bone resorption activity in an animal's body. Osteoclasts are formed by the fusion of hematogenous monocytes. Since the formation of osteoclasts in bone marrow hematopoietic cells cultured in vitro by Testa et al. (1981) , the method of obtaining osteoclasts by inducing bonemarrow-derived cells has been gradually developed. To some extent, this method solves the problem of low quantity and low purity of primary osteoclasts and lays the foundation for the study of osteoclasts in vitro (Ono and Nakashima, 2018) .
On the premise of intensive culture, various factors cause group-based animal bone malnutrition disease; for instance, egg-laying hens bring considerable harm to the poultry industry, cause serious economic losses, and significantly threaten human food safety (Whitehead, 2004; Guo et al., 2017; Eusebio-Balcazar et al., 2018; Jing et al., 2018) . The maintenance of total bone mass depends on osteoblast-mediated bone reconstruction and osteoclast-mediated dynamic balance of bone resorption (Boyce et al., 1999) . In physiological state, osteoclast bone resorption is the initiation of bone metabolism. Pathologically, with the influence of external factors, such as macrophage colony-stimulating factor (M-CSF), interleukin-1, interleukin-6, interleukin-11, transforming growth factor-α, tumor necrosis factor-α (TNF-α), osteoclast bone resorption activity is overactive, readily leading to the reduction of total bone mass, which is the fundamental cause of animal osteoporosis (Mödinger et al., 2018) .
Coumarin is a common lactone compound naturally found in Rutaceae and Umbelliferae, legumes, Orchidaceae, Meliaceae, Solanaceae, and Compositae; it is seldom found in microbes. For example, aflatoxin produced by Aspergillus flavus and leucocin produced by luminous fungi can be classified as coumarins. Coumarins display obvious physiological properties, such as antioxidative, hypoglycemic, antihypertensive, anticoagulant, antimicrobial, anticancer, and antiosteoporotic (Stefanachi et al., 2018) .
The mechanism underlying the antiosteoporotic effect of coumarin compounds remains unclear to date. In the present study, 3-(4-methoxyl)-1-(2-(4-coumarin)prop)-2-en-1-one (MCPEO) was introduced, and the effects of this compound on osteoclasts were determined from the perspective of regulating the differentiation and activation of osteoclasts from duck embryos. This study can serve as a reference for screening drugs for the prevention and treatment of osteoporosis in poultry.
MATERIALS AND METHODS

Animals
Healthy 23-day-old Gaoyou duck embryos were provided by the Jiangsu Waterfowl Gene Pool of Quality Resources. The duck embryos were killed by exsanguination, and these experimental procedures were approved by the Ethics Committee Experimental Animal Ethics Branch of Bengbu Medical College.
Reagents
Minimum essential medium alpha (α-MEM), fetal bovine serum (FBS), and TRITC-conjugated phalloidin were purchased from Invitrogen Inc. (USA). Acid Phosphatase Kit 387-A [tartrate-resistant acid phosphatase (TRAP) staining kit] and Hoechst 33,258 were bought from Sigma-Aldrich (USA). Osteoclast resorption activity was detected by the Corning osteo assay surface (COAS) obtained from Corning Inc. (USA). M-CSF and receptor activator of nuclear factor κB ligand (RANKL) were obtained from Figure 1 . Chemical structural formula of MCPEO. The structural characterization and spectral data of the compounds are as follows: 1 HNMR (400 MHz, DMSO) δ 8.00 (dd, J = 7.9, 1.4 Hz, 1H), 7.89 (dd, J = 7.7, 1.6 Hz, 1H), 7.78 (td, J = 7.9, 1.6 Hz, 1H), 7. 1H), 7.61 (dd, J = 8.7, 4.9 Hz, 2H), 1H) 
Physical and Chemical Characteristics of MCPEO
MCPEO was synthesized in our laboratory. The chemical structural formula of MCPEO is depicted in Figure 1 . MCPEO is a white solid with a molecular weight of 398.41 and a melting point of 130
• C to 132
Isolation, Induction of Bone Marrow Mononuclear Cells (BM-MNCs), and MCPEO Treatment
The surfaces of 23-day-old duck embryos were sterilized with 75% ethanol, and shell-breaking embryos were removed. Two limbs with long bones were separated, soft tissues were removed, and bones were washed twice with phosphate-buffered saline (PBS). The joints at both ends of the medullary cavity were cut off. α-MEM (serum-free) was used to wash the medullary cavity repeatedly with a 10 mL sterile syringe. The supernatant was centrifuged for 5 min at 1000 rpm, and the sediment cells were resuspended using α-MEM (containing 15% FBS, 2 mmol/L l-glutamine, 100 U/mL penicillin, and 100 μg/mL streptomycin). Bone marrow cells were seeded into six-well culture plates and incubated at 37
• C and 5% CO 2 under saturated humidity for 24 h.
The unattached cells were treated as BM-MNCs. The cell density was adjusted to 1 × 10 6 /mL, and the cells were suspended in α-MEM containing 25 ng/mL M-CSF and 30 ng/mL RANKL. The cell suspensions were inoculated into 96-well culture plates (0.2 mL in each well), 12-well culture plates (1 mL in each well), and COAS (0.2 mL in each well). The culture medium was changed every 2 days. On the seventh day, 1, 5, 10, 20, and 40 μM MCPEO dissolved in dimethyl sulfoxide (DMSO) were added into each group.
Cell Viability Measurement (MTT Detection)
1.5 × 10 4 cells/mL BM-MNCs were suspended in α-MEM medium containing 25 ng/ml M-CSF + 30 ng/ml RANKL and plated into 96-well cell culture plates. On the seventh day, 1, 5, 10, 20, and 40 μM MCPEO dissolved in dimethyl sulfoxide (DMSO) were added into each group, and with overnight treatment. At the termination of the cultivation, the cells were washed by PBS. 0.05 mg/mL MTT solution was added, with 4 h incubation at 37
• C. The solution was discarded, and DMSO solution was added to the cells. The absorbance (optical density) was measured at the wavelength of 595 nm.
TRAP Staining
On the eighth day, induced cells in 96-well culture plates were fixed with 4% paraformaldehyde solution for 10 min. TRAP staining was conducted as described in the TRAP staining kit. Three wells (96-well culture plates) were taken, and 10 visual fields per well were randomly selected to count the osteoclasts with more than three nuclei under an inverted microscope.
Osteoclasts Absorption Activity Assay
COAS is an inorganic biomaterial coated on the bottom of cell culture plates, which can simulate the bone matrix in vivo for the detection of osteocyte activity in vitro. After 8 D of induction, the medium in the COAS was discarded. Then, the COAS was washed with double distilled water, ultrasonic cleaning was conducted for 3 min, and 10% hypochlorous acid solution was added to the COAS at room temperature for 5 min treatment. Subsequently, the COAS was washed twice with double distilled water and dried naturally at room temperature for 3 h. Pit formation in 10 visual fields from each well was randomly selected for imaging. The absorption area was calculated by image analysis software (version 1.0 Jeda).
Filamentous Actin (F-actin) Staining and Nuclei Staining
The culture cells induced for 8 D (12-well culture plates) were washed thrice with PBS and fixed with 4% paraformaldehyde solution for 10 min. The cells were washed thrice with PBS and treated with 0.1% Triton X-100 for 5 min. Then, the cells were washed thrice with PBS and blocked with 1% bovine serum albumin for 30 min. Subsequently, the cells were stained with TRITC-conjugated phalloidin (50 μg/mL) and Hoechst 33,258 (v/v = 0.2%) at room temperature for 20 min in darkness. The samples were observed under a fluorescence microscope through red and blue channel imaging.
Statistical Analysis
All experiments were conducted in triplicate, and data were expressed as the mean ± standard error of the mean (SEM). Statistical differences between groups were evaluated by one-way ANOVA followed by Tukey's post-hoc tests using SPSS v.17.0 software. The statistical significance was set at P < 0.05.
RESULTS
MCPEO Influenced the Cell Viability of Differentiated Osteoclasts
Cell viability of the M-CSF + RANKL groups and the M-CSF + RANKL + DMSO groups (control groups) had no significant difference, demonstrating that DMSO, as the solvent of MCPEO, did not influence the proliferation M-CSF + RANKL-induced BM-MNCs (differentiated osteoclasts). 1, 5, 10, 20, and 40 μM MCPEO remarkably influenced the cell viability of the M-CSF + RANKL-induced BM-MNCs in a concentration-dependent manner (Figures 2A and 2B ). In addition, the 50% inhibitory concentration (IC50) of MCPEO needed to inhibit cell proliferation was calculated on the basis of MTT results, and the IC50 value was 22.626 μM (95% confidence interval CI: 14.235-31.954).
Effects of MCPEO on Osteoclast Differentiation
The differentiated duck embryo osteoclasts were large and multinuclear. TRAP staining observations indicated that the cytoplasm was deeply stained wine red and the nucleus was colorless. Undifferentiated cells present mononuclear aggregation ( Figure 3A) . Statistical analysis of the number of TRAP-positive cells showed that MCPEO affected the differentiation of duck embryo osteoclasts. No significant difference was observed between the M-CSF + RANKL groups and the M-CSF + RANKL + DMSO groups (control groups), indicating that the MCPEO drug solvent DMSO had no effect on the osteoclast differentiation of duck embryos. The number of TRAP-positive cells in the 1 μM and 5 μM MCPEO groups was not significantly decreased compared with that in the control groups. However, the number of TRAP-positive cells in the 10 μM, 20 μM, and 40 μM MCPEO groups was significantly inhibited (P < 0.01) ( Figure 3B ). 
Effects of MCPEO on the Resorption Activity of Osteoclast
The differentiated duck embryo osteoclasts exhibited a strong absorption activity, which resulted in the formation of obvious absorption lacunae in the COAS ( Figure 4A ). Statistical analysis of the absorption lacunae area indicated no significant difference between the M-CSF + RANKL groups and the M-CSF + RANKL + DMSO groups, suggesting that the MCPEO drug solvent DMSO had no effect on the activation of duck embryo osteoclasts. Compared with the control groups, the 1 μM and 5 μM MCPEO groups exhibited no significant reduction in the absorption lacunae area. However, the resorption activities of osteoclasts in the 10 μM, 20 μM, and 40 μM MCPEO groups were significantly inhibited compared with those in the control groups ( Figure 4B ).
Effects of MCPEO on the F-actin Ring and Nuclear Morphology in Osteoclasts
The co-staining of TRITC-conjugated phalloidin and Hoechst 33,258 showed that, after 8 D of cultivation, mature osteoclasts were shaped from the M-CSF + RANKL co-induced BM-MNCs. F-actin rings could be observed, and the cytoskeleton of F-actin was clear, complete, and regular and was attached to specific positions in the osteoclasts. The multinuclear characteristic was typical, the nuclei presented a light blue fluorescence, and the fluorescence was distributed evenly. The differentiation of osteoclasts was inhibited in the high-MCPEO-concentration groups (i.e., 20 and 40 μM), the large size of the osteoclasts was reduced, and the fluorescence of F-actin was weakened. The number of multinucleated cells was relatively small, and most of the cells were still mononuclear in shape ( Figure 5 ).
DISCUSSION
Estrogen-deficient individuals are susceptible to osteoporosis. Therefore, ovariectomized animal models are often employed in the pathological study of osteoporosis. Coumarin compounds can promote the proliferation and differentiation of osteoblasts, increase the bone mineral density of the femur in ovariectomized rats, improve the morphology of the femur, and prevent the occurrence of osteoporosis (Zhang et al., 2017) . In addition, coumarin compounds, such as wedelolactone, aesculin, cinnamoyloxy-mammeisin, and osthol (7-methoxy-8-isopentenoxycoumarin), can regulate the differentiation and activation of osteoclasts and are potential drugs for the prevention and treatment of osteoporosis (Kuo et al., 2005; Hsieh et al., 2015; da Cunha et al., 2017; Zhao et al., 2017) . However, most of the previously presented studies focused on mammalian models or osteoblasts/osteoclasts. No investigation focused on coumarin compounds regulating the differentiation and activation of avian osteoclasts. In the present study, the coumarin compound MCPEO was synthesized in our laboratory, and its effect on the formation and activity of osteoclasts from duck embryos was investigated for the first time.
The number of osteoclasts is large in the three stages of poultry life span. The first stage involves the late stage of embryonic development (15 to 19 D), the second stage involves rapid growth after hatching (after 8 wk), and the third stage occurs during the laying period of female individuals. Millions of osteoclasts can be collected at any stage, relative to which most mammals harvest only hundreds of osteoclasts. In addition, avian osteoclasts have stronger absorption activity than mammalian osteoclasts, such as those of rabbits and rats (Jones et al., 1986; Gay, 1991) . A sufficient quantity of osteoclasts was one of the prerequisites of this study. A large number of osteoclasts isolated from avian embryos ensured convenience for use in in vitro study of osteoclasts. Two other reasons for the selection of 23-day-old duck embryos as experimental animals are as follows. On the one hand, compared with the postembryo development stage, a duck embryo is easier to sterilize, which decreases the risk of bacterial contamination. On the other hand, duck embryo development in this stage is relatively complete, which ensures convenience for experimental operation.
MCPEO could inhibit the differentiation of duck embryonic BM-MNCs into mature osteoclasts. TRAP staining results showed that MCPEO could reduce the formation of positive multinucleated cells. Absorption activity analysis showed that MCPEO could restrain the resorption capability of osteoclasts. Microfilament staining and nuclear staining indicated that MCPEO could suppress the formation of large multinucleated osteoclasts, which were differentiated from BM-MNCs.
TRAP staining is a classical method used to identify the characteristics of osteoclast differentiation. The cytoplasm of TRAP-positive cells is stained wine red, whereas the nucleus is negative and colorless. The number of osteoclast nuclei can be observed directly, such that determining whether the cells have differentiated into osteoclast is easy (Wang et al., 2008) .
Hoechst 33,258 is an unembedded fluorescent dye that binds to DNA in the trench where DNA gathers AT sequences in living cells. Living or fixed cells can all bind to this dye, thus coloring the nucleus. Therefore, this kind of dye is called DNA probe. Hoechst 33,258-DNA emits bright blue fluorescence when it is excited by ultraviolet light. Hoechst 33,258 staining is often employed to investigate the properties and number of cell nuclei (Wang and Laughton, 2007) . In the present study, we observed that MCPEO inhibited the differentiation of duck embryo osteoclasts, which suppressed the formation of multinucleated cells from cultured duck embryo BM-MNCs. The results were consistent with the effects of other coumarin derivatives on osteoclast differentiation (da Cunha et al., 2017; Zhao et al., 2017) .
Osteoclast is the only cell with bone resorption activity in the body. Thus, bone resorption capability is the most reliable criterion for identifying the properties of osteoclasts. The development of bone resorption activity of osteoclasts requires the existence of other supporting cells (such as bone marrow stromal cells and osteoblasts) in the bone marrow microenvironment. Moreover, resorption needs the coordination of many cytokines. First, the osteoclast migrates to the bone resorption region, the cell is polarized, and the cytomembrane folds to form a ruffed border. The ruffed border of osteoclasts attaches onto the bone surface and forms a circular sealing zone around it; the bone resorption microenvironment is relatively isolated from the outside (Väänänen and Horton, 1995) . The sealing zone is rich in F-actin rings but lacking in organelles. When osteoclasts attach to the bone resorption area and form a closed extracellular bone resorption microenvironment, osteoclasts initially secrete acidic substances, promoting the dissolution of inorganic bone and the degradation of organic bone (such as collagen and non-collagenous protein) (Saltel et al., 2004; Chambers and Fuller, 2011) . In addition, during osteoclast bone resorption, TRAP in the osteoclast microsome enters the sealing zone and participates in the degradation of solid calcium phosphate mineralizers in the bone matrix together with enzymes, such as cathepsin K and MMP-9 (Chambers and Fuller, 2011 ).
This study demonstrated that RANKL + M-CSF could induce the BM-MNCs of duck embryos into TRAP-positive cells. Furthermore, intact and abundant F-actin rings were shaped in the cells. Importantly, the differentiated cells possessed active absorption capacity. Nevertheless, MCPEO decreased the formation and activation of osteoclasts from duck embryonic BM-MNCs. The results were consistent with the effect of other coumarin derivatives on the activation of osteoclasts (Zhao et al., 2017) .
Given the limited quantity and purity of osteoclasts obtained from duck embryo BM-MNCs, the regulation mechanism of MCPEO in the differentiation of duck embryo osteoclasts needs further investigation.
In short, MCPEO can inhibit the differentiation of BM-MNCs into mature osteoclasts in duck embryos by reducing the formation of TRAP-positive cells, inhibiting the absorption activity of osteoclasts, and depressing the formation of F-actin rings and the production of multinucleated cells. Therefore, MCPEO is a promising agent for the treatment of poultry osteoporosis. 
